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Abstract
Deployed Deep Neural Networks (DNNs) are of-
ten trained further to improve in performance.
This complicates the tracking of DNN model ver-
sions and the synchronization between already de-
ployed models and upstream updates of the same
architecture. Software Version Control cannot be
applied straight-forwardly to DNNs due to the dif-
ferent nature of software and DNN models. In this
paper we investigate if the weight space of DNN
models contains a structure, which can be used for
the identification of individual DNN models. Our
results show that DNN models evolve on unique,
smooth trajectories in weight space which we can
exploit as feature for DNN version control.
1. Introduction
In recent years, Deep Neural Networks (DNNs) have
evolved from laboratory environments to the state-of-the-art
for many real-world problems. Once deployed to production
systems, these DNNs face the same challenges as common
software codes such as deployment, maintenance, and moni-
toring. The major difference is - however - that the concepts
and tools to maintain software code do not fit the nature of
DNNs. In particular in the scope of a product life-cycle,
where a first DNN model is deployed on thousands or mil-
lions of devices for inference, the training of such a DNN
does not stop in-house. New data is collected and model
training continues for the purpose of either improve perfor-
mance, remove biases or to make the model more robust
against new types of adversarial attacks or data poisoning.
These improved DNN models are then re-deployed as an
update of the old DNN models to the devices for inference.
In software development, to monitor such changes version
control was introduced and proofed to increase reliability
and trust in software systems and to track errors leading to
catastrophic failure such as e.g. miscalculation of radiation
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Figure 1. Illustration of the differences between traditional code
and DNN models with respect to changes. Top: code changes
immediately relate to behavior changes. Bottom: weight changes
are obscure by complexity.
doses, the loss of several airplanes, the crash of Ariane 5
flight 501, or a Mars probe (Wong et al.). Nowadays, almost
every software project uses some form of version control to
track and document code changes. Version control on code
is based on the concept of a diff operation between two
sections of code to support the developer by highlighting
lines of code which were changed, added or deleted. Diffs
containing error fixes or new features enable the developer
to understand and interpret the changes in system behavior.
DNNs fundamentally differ from code in that their input-
output behaviour is not programmed, but learned from data.
Outputs of DNNs depend on their model i.e. entirety of their
parameters, which can amount to several hundred billions
and may change in a single training epoch. Therefore, the
concept of a change captured in a diff does not work in
the context of a model update - a single diff may con-
tain large portions of the model. Furthermore, the ability
to interpret small code changes is lost in the complexity of
parameter changes during model training as illustrated in
Fig 1. The meaning of the change of one parameter is gen-
erally intractable in the context of all other changes. This
characteristic is even reinforced by the nature of DNN train-
ing, where model weights are continuously updated through
backpropagation and DNN models usually amount to mul-
tiple epochs of training. In this context it is challenging
to define if two DNN models are similar to each other to
have a meaningful interpretation of model similarity as we
know from software code, where a diff operation can be
considered as a trigger for version control.
In this paper, we investigate the structure of the weight
space of DNN models, which can be used for DNN version
control systems. The contribution of this work is (first) to
demonstrate the capability to interpret model evolution as
trajectories in the weight space, and (second) to evaluate
the weight space’s structure with respect to its capability to
cluster individual DNN models to consistent (and partially
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Figure 2. Overview of our approach to exploit weight space structure for DNN model change tracking
ordered) training trajectories automatically.
The remainder of this paper is structured as follows. After
an outline of related work we present our approach and
close with qualitative visualizations of model similarities
and quantitative evaluation of the topological structure of
the weight space.
2. Related Work
In software engineering “Git” (git) has become the de-facto
standard for version control and tracking of deployed soft-
ware code into production (rhodecode; Synopsis). However,
there are shortcomings by treating DNN models as software
code as discussed in (Miao et al.). The authors propose the
concept of a “modelhub” (modelhub) to track the process of
design, training and evaluation of DNN by storing data, mod-
els and experiments. Similarly, tools like DVC (DVC) and
“Weights & Biases” (wandb) do follow the same direction
with the aim to increase transparency and reproducibility of
the model development pipeline. Unfortunately, since these
tool strongly rely on the availability of manually generated
human annotation (commit messages) to illustrate model
changes, they are limited with respect to an automated and
consistent deployment monitoring of DNN models.
With respect to DNN model analysis, we see two groups
of research directions: 1) methods to compare two models,
measuring their similarity; 2) absolute methods which map
one model to an understandable space. Both methods can
be either based on the model’s parameters (weight space) or
the activations given certain input (activation space). For the
latter, the choice and availability of input data are critical.
Relative Metrics compare two models and compute a de-
gree of similarity. As DNNs are graphs, graph similarity
metrics can be applied, e.g. (Soundarajan et al.; Mheich
et al.). In (Laakso & Cottrell), the authors compare the
activations of Neural Networks as a measure of ”sameness”.
In (Li et al.), the authors compute correlations between the
activations of different nets. (Wang et al.) try to match
subspaces of the activation spaces of different networks,
which (Johnson) show to be unreliable. In (Raghu et al.;
Morcos et al.; Kornblith et al.), correlation metrics with
certain invariances are applied to the activation spaces of
DNNs to investigate the learning behavior or compare nets.
Absolute Metrics map single models to an absolute rep-
resentation. (Jia et al.) approximate a DNN’s activations
with a convex hull. (Jiang et al.) also uses the activations to
approximate the margin distribution and learn a regressor to
predict the generalization gap. In (Martin & Mahoney) the
authors relate the empirical spectral density of the weight
matrices to model properties, i.e. test accuracy, indicating
that the weight space alone contains a lot of information
about the model. This is underlined by two recent publi-
cations, which generate large datasets of sample models
and learn larger models to predict the sample model’s prop-
erties from their weight space. In (Eilertsen et al.), the
authors predict training hyperparameters from the weight
space. (Unterthiner et al.) learn a regressor to predict the
test accuracy from the weight space.
3. Approach
While relative metrics such as (SVCCA (Raghu et al.; Mor-
cos et al.) and CKA (Kornblith et al.)) have shown to
be promising in providing similarity between DNN mod-
els, they depend on expressive data for model comparison.
A comparison of two models by their mapping does not
scale or generalize to a comprehensive representation of the
model space. More specifically, in a transfer-learning or
fine-tuning setup, individual models quickly become self-
dissimilar with SVCCA or CKA, while different models
evaluated on the same data could not always be told apart.
In contrast, the work from (Martin & Mahoney; Eilertsen
et al.; Unterthiner et al.) shows that the weight space already
contains comprehensive information about DNN models.
For this work, we aim to abstract from the weight space to
track model evolution during training. To that end, we aim
to identify individual models trajectories. This allows us
to tell different model apart and to link individual training
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Table 1. Summary of Model Zoo Setup
(A1): FFNN (A2): CNN
fc→ act→ fc→ act→ fc 2× [conv→ max-pool→ act]→ fc 1
Input dim.: 196 (vectorized greyscales) Input dim.: 14x14 (greyscales)
Hidden layer: 10 units Conv: 16 channels, stride 2, kernel size 3
Activation (act): sigmoid Activation (act): Leaky ReLU
Weight init: Kaiming Normal Weight init: Kaiming Normal
λ - Learning Setup
both architectures were trained with SDG on MSE
Learning rate: 0.03 Learning rate: 0.0003
Momentum: 0.9 Momentum: 0.9
Weight decay: 0.0003 Weight decay: 0.1
Batchsize: 4 Batchsize: 12
epochs of the same model without further prior knowledge.
The approach is outlined in Figure 2: drawn from two fixed
architectures, we train a zoo of individual models forming
a weight space of individual models, which is investigated
visually and using automatic clustering to identify individ-
ual model training trajectories. In particular, the epoch-to-
model assignment demonstrates its potential for versioning
of DNN models.
3.1. Model Zoo Generation
We begin by training a “model zoo” of DNNs. Similarly
to (Unterthiner et al.), we denote SN = {(X ,Y)i}Ni=1 as
thetraining set, λ as the set of hyper-parameter during train-
ing (e.g. loss function, optimizer, learning rate, weight
initialization, batch-size, epoches), whereas we differentiate
between specific neural architectures drawn from a set of
potential neural architectures denoted by A ∈ A. Further,
during training the learning procedure l(·) 7→W which gen-
erated a DNN model W depends on SN , A, λ and a fixed
seed specified apriori. Again, similar to (Unterthiner et al.)
W denotes a flattened vector of model weights.
More specific, we train DNN modelsWi on SN , the MNIST
classification dataset2 (LeCun et al.), with two fixed archi-
tectures FFNN and CNN and their corresponding λ, ref.
Tab. 1. In total we fix m = 250 seeds leading to two mod-
els zoos WA1 , and WA2 with each W = {W1, ...,Wm}
models. Please note the slight difference to (Unterthiner
et al.). While (Unterthiner et al.) covers a large space of
hyper-parameters λ with one seed per λ, in this work, we
have one fixed hyper-parameter λ and train with a range
of different seeds. Each model Wi represents a sequence
of weights Wi = {W 1i , ...,W ki } acquired for each epoch
during training.
3.2. Investigation of Weight Space Structure
We first visually inspect the weight space with
UMAP (McInnes et al.) and Singular Value Decom-
position (SVD), which we use for dimensionality reduction
of the weight space. To automatically identify learning
2to keep models compact we have reduced image resolution to
14× 14px
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Figure 3. Left: Weight distribution of CNN models (epoch 50).
Right: weight distribution of the FFNN models (epoch 50). Each
point represents the mean and standard deviation of all weights
defining one DNN model. Colors indicate test set accuracy.
trajectories Wi = {W 1i , ...,W ki }, we apply agglomerative
clustering on the full weight space and SVD reductions
of it. We use single-linkage distance, as it accounts best
for the ’string of pearls’ trajectories, where one epoch is
closest to the end of the string of previous epochs. To
quantify the results, we use a cut-off distance so that
250 cluster are identified. In these, we compute purity
as samples from the dominant netsamples in the cluster . We further attempt to
reconstruct the epoch-order. To that end, we order the
samples of the dominant DNN model in each cluster by
decreasing distance. We evaluate the number of total
ordered epochs starting from the first epochs as well as the
overall percentage of ordered epoch-to-epoch sequences.
4. Results
We first evaluate the performance and weight distribution of
the model zoos for each architecture independently. As illus-
trated in Figure 3 every point represents the mean and stan-
dard deviation of all weights comprising the DNN model
respectively, whereas colors indicate testset accuracy of the
model. While for FFNN models the range of weight means
and standard deviation is broad without recognizable pat-
tern while for CNN models the mean and standard deviation
shows structure. Please note, that the ranges of the means
are constraint by the used activation function as seen in 1.
For both architectures, classification performance is as ex-
pected competitive given the simple classification task but
not limited to a specific range of weight means and deviation
deviations.
4.1. Weight Space Visualization
Figure 4 shows the UMAP representation of the weight
space as reduction3 of the full weight space. The CNN
weight space shows smooth trajectories of nets over epochs,
but they appear quite clustered. In the FFNN weight space,
trajectories are not as smooth, but still recognizable.
To evaluate how much of the structure can be preserved in
3neighbors=3, min. distance = 0.3
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Figure 4. UMAP of weight space. Left: CNN, right: FFNN. Points
of the same color represent the same network at different epochs.
5.0
2.5
0.0
2.5
5.0
7.5
10.0
5.0
2.5
0.0
2.5
5.0
7.5
10.0
12.5
7.5
5.0
2.5
0.0
2.5
5.0
7.5
10.0
12.5
10.0
7.5
5.0
2.5
0.0
2.5
5.0
7.5
10.0
5.0
2.5
0.0
2.5
5.0
7.5
10.0
12.5
10.0
7.5
5.0
2.5
0.0
2.5
5.0
7.5
Figure 5. UMAP of SVD-50. Left: CNN, right: FFNN. Points of
the same color represent the same network at different epochs.
lower-dimensional spaces, we apply a truncated Singular
Value Decomposition (SVD) to map the weight space to
50 dimensions and apply UMAP on the reduced space for
visualization. As seen in Figure 5, CNN trajectories are
cleanly separated. On the trajectories, larger distances are
visible at initial epochs and smaller towards the end of the
model training. The FFNN trajectories are more noisy, but
recognizable for most models of the model zoo.
4.2. Epoch-to-Model Assignment
To demonstrate the representation’s potential to be used as
a feature version control and DNN model identification, we
evaluate the weight space’s capability to link random epochs
(i.e. individual samples) to model trajectories. Results of
the agglomerative clustering (Sec.3.2) are shown in Figure 6.
For each architecture, all 250 models have been clustered
and visualized in form of a dendrogram. The clustering was
performed on the original weight space, see Appendix for
multiple SVD-reduced weight space representations.
The CNN weight space appears very well separated and
ordered in the resulting dendrogram structure. The saw-
tooth pattern of mergers within one cluster fits usual training
patterns: large loss, gradients and weight updates in initial
epochs, smaller loss and corresponding updates in later
epochs. On reduced spaces, the distance from one trajectory
to another is sometimes just marginally larger than from the
first epoch to the second. Here, single-linkage clustering
appears to be too coarse to cover the trend and smoothness
of training trajectories.
The FFNN dendrogram confirms the visualization. While
the individual DNN models can be separated, their epoch
training order cannot always be reconstructed from the dis-
tances in weight space as seen in, see detail in Figure 6.
Figure 6. Result of the agglomerative clustering visualized as a
dendrogram. Left: CNN, right: FFNN. Epochs of the same DNN
model, which are correctly clustered are colored in the same color.
Only 5 out of 250 models are shown, where one cluster is addition-
ally plotted in more detail.
The distance between the last epochs is not small, indicating
that either a) the nets have not converged or b) the weight
space contains noise-like change in weights driven by non-
zero loss that doesn’t change nets behavior at the end of the
training.
Tables 2 and 3 show the results of the quantitative evalu-
ation, which confirm the dendrograms. For the CNN zoo,
clusters remain pure and uphold good order even if the di-
mensionality is reduced to 50. Below, both purity as well as
ordering decline. The FFNN zoo can be clustered to high
purity even on SVD 10, but the ordering is very limited.
We would like to emphasize that our model zoo only differs
in their seeds, so the models and their trajectories are ex-
pected to be similar. Nevertheless, the weight space shows
to have structure rich enough to be used as feature for ver-
sion control.
Table 2. Quantitative Results of CNN Zoo
Space / Dimension Cluster Purity # of ordered initial epochs % of ordered epochs
1376 (Weight Space) 1.0 20.184 0.693
500 (SVD) 1.0 21.848 0.732
100 (SVD) 1.0 18.632 0.689
50 (SVD) 1.0 17.728 0.675
25 (SVD) 1.0 15.852 0.643
10 (SVD) 0.896 12.094 0.568
5 (SVD) 0.465 8.175 0.471
Table 3. Quantitative Results of FFNN Zoo
Space / Dimension Cluster Purity # of ordered initial epochs % of ordered epochs
2160 (Weight Space) 1.0 4.512 0.357
500 (SVD) 1.0 4.632 0.339
100 (SVD) 1.0 4.532 0.325
50 (SVD) 1.0 4.212 0.303
25 (SVD) 1.0 3.684 0.273
10 (SVD) 1.0 2.916 0.227
5 (SVD) 0.843 2.038 0.177
5. Conclusion
Our experiments show promising results to facilitate DNN
version control as directly derived from the weight space.
The weight space of zoos of small models show training
trajectories which a) are smooth, b) relate training update to
distance and c) facilitate epoch-to-model assignment and d)
allow to tell different models apart.
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6. Appendix
Figure 7. Result of the agglomerative clustering visualized as a dendrogram. Epochs of the same DNN model, which are correctly
clustered are colored in the same color. Only 5 out of 250 models are shown, where one cluster is additionally plotted in more detail.
Left: detail, right: 5 cluster sample - CNN SVD 50.
Left: detail, right: 5 cluster sample - FFNN SVD 50.
Left: detail, right: 5 cluster sample - CNN SVD 5.
Left: detail, right: 5 cluster sample - FFNN SVD 5.
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(a) Dendrogram - CNN weight space.
(b) Dendrogram - CNN weight space.
Figure 8. Result of the agglomerative clustering visualized as a dendrogram. Epochs of the same DNN model, which are correctly
clustered are colored in the same color. Only 5 out of 250 models are shown.
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(a) Full Dendrogram - CNN weight space.
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(b) Full Dendrogram - FFNN weight space.
Figure 9. Result of the agglomerative clustering visualized as a dendrogram. Epochs of the same DNN model, which are correctly
clustered are colored in the same color.
